Membrane dynamics within the chick ciliary neuronal growth cone were investigated by using the membrane-impermeant dye FM1-43. A depolarization-evoked endocytosis was observed that shared many properties with the synaptic vesicle recycling previously described at the presynaptic terminal. In addition, in the absence of depolarization a basal level of constitutive endocytotic activity was observed at ϳ30% of the rate of evoked endocytosis. This constitutive endocytosis accounted for large amounts of membrane retrieval: the equivalent of the entire growth cone surface area could be internalized within a 30 min period. Endosomes generated via constitutive and evoked processes were highly mobile and could move considerable distances both within the growth cone and out to the neurite. In addition to their different requirements for formation, evoked and constitutive endosomes displayed a significant difference in release properties. After a subsequent depolarization of labeled growth cones, evoked endosomes were released although constitutive endosomes were not released. Furthermore, treatment with latrotoxin released evoked endosomes, but not constitutive endosomes. Although the properties of evoked endosomes are highly reminiscent of synaptic vesicles, constitutive endosomes appear to be a separate pool resulting from a distinct and highly active process within the neuronal growth cone.
The mechanisms underlying diverse neuronal growth cone behaviors ranging from motility to neurotransmitter secretion have been the subject of considerable investigation. Many of these investigations have centered on the cytoskeleton, which displays significant changes during growth cone elongation (Mitchison and K irschner, 1988; Bentley and O'Connor, 1994; Letourneau, 1996) . The removal, translocation, and addition of membrane also must be a part of the machinery of the growth cone. Although clearly important, these membrane dynamics have received considerably less attention, in part because of limitations of the methods available for studying living growth cones.
The pioneering work of Bunge first called attention to the existence of large membrane stores within growth cones (Bunge, 1973 (Bunge, , 1977 . A more contemporary picture of key aspects of growth cone membrane dynamics comes from investigations examining the formation and disappearance of large vacuoles (Dailey and Bridgman, 1993) and the movements of internal membranes (Dailey and Bridgman, 1989) . Despite the considerable activity inferred from such studies the processes of membrane removal (endocytosis) and insertion (exocytosis) are still poorly understood in growth cones. A considerable literature from other cell types suggests membrane events that might occur in growth cones (Mukherjee et al., 1997) . For example, transcytosis [endocytosis of membrane from one site followed by reinsertion at another site (Hemar et al., 1997) ] could, in principle, relocate membrane from one region of a growth cone to another (e.g., during turning). [The net addition of membrane during elongation, however, almost surely is derived from the distant cell body (Shea and Sapirstein, 1988; Popov et al., 1993; Craig et al., 1995; Dai and Sheetz, 1995) (see, however, Vance et al., 1991) .] Alternatively, the retrograde transport of endosomes derived from the growth cone could convey information about the growth cone environment to the cell body and nucleus (Overly and Hollenbeck, 1996; Grimes et al., 1997; Zagrebelsky et al., 1998 ) (for review, see Oppenheim, 1996) . Finally, growth cones can be stimulated to release neurotransmitter (Hume et al., 1983; Sun and Poo, 1987) ; this could involve synaptic vesicle exocytosis.
Recent technical advances that used the fluorescent membrane probe FM1-43 have illuminated membrane dynamics in presynaptic terminals. Increased intracellular calcium evokes synaptic vesicle exocytosis, followed by the endocytotic retrieval of synaptic vesicle membrane. Endocytosis of FM1-43-stained membrane creates brightly fluorescent points within the terminal that have been identified as synaptic vesicles or vesicle clusters on physiological, immunocytochemical, and ultrastructural evidence Betz et al., , 1996 Henkel et al., 1996) .
The present investigation has taken advantage of the properties of FM1-43 to investigate membrane dynamics in the neuronal growth cone. This study was undertaken initially to explore a possible relationship between local membrane events deduced from earlier studies and growth cone neurotransmitter release. Our findings support such a relationship and go f urther: there appear to be two separable populations of endosomes (endocytotic vesicles) in the growth cone. Evoked endosomes form in response to depolarization and can be released by a subsequent depolarization. Constitutive endosomes, on the other hand, form even in the absence of depolarization and are not released by depolarization.
MATERIALS AND METHODS
Cell culture. Primary cultures were prepared from embryonic day 9 -11 chick embryos as described previously Kater, 1993, 1995; Schmidt et al., 1996) . C iliary ganglia were isolated in HBSS, treated for 15 min with a 2.5% trypsin solution (Life Technologies, Gaithersburg, MD), rinsed in minimal essential medium (M EM; Life Technologies), and dissociated by trituration. C ells were plated on precleaned glass coverslips glued to holes in Falcon 1008 Petri dishes in M EM with 10% fetal bovine serum (HyC lone, L ogan, UT), penicillin, and streptomycin (Life Technologies). The laminin-1 substrate (2 g /cm; Collaborative Biomedical Research, Bedford, M A) was applied over poly-L-lysine for 1 hr before plating. After plating, the cultures were kept in a 37°C incubator with 5% C O 2 atmosphere. Cultures were prepared the same day of the experiments and were used 9 -12 hr after plating, at which time numerous growth cones could be found that had not contacted other cells. Preplating was not required because non-neuronal cells were not abundant during this period. The survival factor bFGF was not used for these short-term cultures because neurons extended multiple neurites with large growth cones throughout the entire experimental period. ␣-Latrotoxin was obtained from Alomone Laboratories (Jerusalem, Israel). FM1-43 was obtained from Molecular Probes (Eugene, OR).
FM1-43 staining. The principles underlying the process of staining endocytotic membrane with FM1-43 have been elucidated in synaptic vesicle recycling experiments in the presynaptic terminal Betz et al., 1996) . FM1-43 is an amphiphilic compound that partitions, at equilibrium, between the lipid bilayer and the aqueous solution. FM1-43 is only weakly fluorescent in an aqueous environment but fluoresces brightly in membranes. Because the polar head group of FM1-43 is charged and cannot cross into a hydrophobic environment, the dye will not "flip" within the membrane. Therefore, when applied to the outside of a cell, FM1-43 remains in the outer leaflet of the plasma membrane, oriented away from the cytoplasm. If FM1-43 is in the plasma membrane during an endocytotic event, the endocytotic membrane will also contain FM1-43. The FM1-43 will be trapped on the inside of the endosome, still oriented away from the cytoplasm. This process of internalization of FM1-43-labeled membrane is known as loading.
After loading, the cells normally are washed with medium without FM1-43. The FM1-43 in the plasma membrane reequilibrates with the fresh aqueous medium, resulting in a loss of FM1-43 from the outside of the plasma membrane. The FM1-43 molecules in endosomes, however, remain trapped. The fluorescent endosomes are readily visible against the (now) unlabeled plasma membrane. Each fluorescent structure represents a product of endocytosis that formed only during the period of exposure to FM1-43. Because most endosomes are below the limit of resolution of the light microscope, fluorescent points could result from a single endosome or an aggregation of endosomes.
Fusion of a labeled endosome with the plasma membrane (exocytosis) results in the incorporation of endosomal membrane into the plasma membrane. FM1-43 is again exposed to the outside of the cell, and dye is rapidly lost as a result of reequilibration with the extracellular aqueous medium. This process is known as unloading. Fusion of endosomes with other, unlabeled intracellular organelles will not result in a net loss of fluorescence because the dye remains trapped by the lipid bilayer. In the presynaptic terminal a clear relationship exists among the destaining of FM1-43 on depolarization, f usion of vesicles with the plasma membrane, and the release of neurotransmitter Betz and Bewick, 1993; Henkel et al., 1996) .
For most experiments the cultures were loaded with FM1-43 and then fixed before fluorescence imaging to obtain large numbers of growth cones. FM1-43 stock solution was made up in purified water (Life Technologies, Grand Island, N Y) to a concentration of 3 mM. Aliquots of this solution were diluted in loading medium to a final concentration of 10 M, vortexed, sonicated for 2 min, centrif uged for 5 min at 7000 ϫ g, and heated to 37°C before use. T wo different types of loading medium were used. Depolarizing loading medium consisted of M EM mixed with isotonic KC l to produce a final KC l concentration of 60 mM. Normal loading medium was M EM. The loading medium was added to the culture dishes under low light conditions for the predetermined loading period. Cultures then were rinsed rapidly five times with 2 ml of 37°C M EM (without fetal bovine serum) over a course of 1 min. This rinse period ensured a complete washout of excess FM1-43 from the culture and from external membranes. Cultures were rinsed twice with ice-cold 4% paraformaldehyde with 0.12 M sucrose and then fixed with 4% paraformaldehyde for 15 min at 4°C in the dark. After fixation the cultures were rinsed three times with ice-cold 10 mM PBS and kept in PBS at 4°C in the dark until imaging. L oading followed by immediate fixation resulted in very high levels of background staining, which made the identification of endosomes problematic. Cultures treated with FM1-43 that were fixed and kept at 4°C could be imaged the next day without a noticeable loss of signal. For experiments involving the observation of living growth cones, the cultures were loaded with FM1-43 and rinsed with M EM without subsequent fixation.
Living growth cones also were loaded individually by micropipette (tip diameter, ϳ20 m) application of the loading medium (20 -40 M FM1-43). The distance of the pipettes from the growth cones was ϳ75 m. One series of experiments used a dual micropipette apparatus to restrict the application of FM1-43 more precisely. T wo micropipettes were positioned in parallel with the tips adjacent to each other, ϳ20 m apart. One micropipette was filled with loading medium and the other with M EM alone. Positive pressure was applied to both pipettes simultaneously. The two streams met and formed a stable boundary, resulting in a precise restriction of FM1-43 labeling. Cultures were positioned so that the boundary of FM1-43 labeling was within the growth cone; therefore, FM1-43 would label only endosomes created from that labeled membrane, i.e., from growth cone membrane. Given the minute volumes of FM1-43 pulsed onto growth cones, rapid dilution of the dye in the surrounding medium makes it difficult to determine the final FM1-43 concentration applied at the membrane.
Imag ing and quantitative anal ysis of FM1-43 staining. FM1-43-loaded growth cones were imaged by using an inverted epifluorescence microscope (Diaphot 300, Nikon) with 60ϫ (PlanApo 60ϫ/1.4 numerical aperture; Nikon) or 100ϫ (phase 100ϫ/1.4 numerical aperture; Z eiss) oil immersion objectives. The resolution limit is ϳ220 nm as determined from subresolution (57 nm) fluorescent beads. I llumination was provided by a 100 W mercury lamp through 1 mm fiber optic. A computercontrolled shutter minimized illumination of the preparation. FM1-43 fluorescence images were acquired by using fluorescein optics (480 nm excitation, 505 nm dichroic mirror, and 520 nm emission wavelengths) with a cooled CCD camera (Photometrics, T ucson, AZ) and I PLab Spectrum image acquisition software (Scanalytics, Fairfield, VA) on a Power Macintosh. A computer-controlled microscope stage was used for acquiring vertical series of images through the entire depth of a growth cone at 0.25 m increments and for relocating specific growth cones when needed. In all cases, only growth cones that had not contacted other cells were included in our analysis. Living cultures were maintained at 37°C in a 5% C O 2 atmosphere on the microscope stage.
Image series were analyzed with I PLab Spectrum software. For some experiments the labeled endosomes were counted, with the number being normalized to the surface area of the growth cone. The heavily labeled growth cones resulting from evoked endocytosis, however, increased the probability that multiple endosomes would be clustered into an individual fluorescent point. Therefore, for the majority of experiments the intensity of FM1-43 fluorescence in a growth cone was obtained by choosing the image plane with the greatest number of stained endosomes, measuring the average fluorescence intensity across the entire growth cone area, and subtracting the nonspecific background fluorescence. Background fluorescence was determined from the average of three regions in the growth cone between stained endosomes. Image acquisition parameters were kept fixed for all of the experiments; therefore, intensity values can be compared between growth cones and between experiments. All intensity values are presented in arbitrary units. The time course of constitutive endocytosis was quantified by integrating the total fluorescence of the identified endosomes and subtracting the autofluorescence of the growth cone. This approach, although slightly more sensitive, was considerably more time-consuming and was difficult to implement in heavily labeled growth cones. It therefore was used only for the constitutive-loading time course experiment (Fig. 3) .
Statistical analysis used Student's two-way t test, unpaired, with a 95% confidence interval. Statistical analysis of the results was facilitated by the large numbers of labeled growth cones available for analysis in each culture. All values are expressed as the mean Ϯ SEM.
RESULTS

FM1-43 labeling of endosomes in growth cones
Chick ciliary neuronal growth cones internalized fluorescence when they were exposed to depolarizing medium (60 mM KCl) containing FM1-43 (10 M) (Fig. 1) . The fluorescent label initially was restricted to numerous small fluorescent endosomes or endosome clusters. There was no obvious pattern of endosome distribution in the growth cone; generally, endosomes were dispersed evenly throughout the body of the growth cone, along the neurite, and in the soma, although endosomes rarely were observed within filopodia. Endosomes were highly mobile and displayed rapid movements both within the growth cone and from the growth cone to the adjacent neurite. With longer intervals between loading and fixation, larger labeled structures often were observed, although whether this represents true membrane fusion of endosomes into larger structures or an aggregation of endosomes is not clear. Larger particles occasionally were observed to separate into smaller ones. Occasionally, endosomes suddenly disappeared in an "exocytosis-like" event (see below).
The total amount of fluorescence seen in growth cones increased with increasing loading time although, within a single growth cone, different individual fluorescent points could have different fluorescence intensities. Growth cones loaded for Ͼ60 sec often were so bright that endosomes no longer could be distinguished as individual fluorescent points. Shorter loading periods, followed quickly by thorough washing, reduced the complexity of the images. Growth cones remained motile throughout these experiments. Loading at 4°C resulted in no internalized fluorescence, suggesting that an energy-dependent process (e.g., endocytosis) is involved in the FM1-43 internalization.
The growth cone appeared to provide higher resolution images than the original preparation described by Betz . This is likely attributable to the differences in preparations, with the large flattened growth cone being especially favorable for observation. In our preparations the unit fluorescent particle is at the level of resolution (ϳ220 nm). If we interpret our fluorescent points as vesicles or clusters of vesicles [as did ; Ryan et al. (1993) ; Henkel et al. (1996) ; Murthy et al. (1997) ], a single fluorescent point could represent a single vesicle or a square cluster of as many as four 100 nm vesicles; clustering could account for the variation in intensity of different fluorescent points. In addition, individual endosomes, which were generated at different times during the brief FM1-43 labeling period (while FM1-43 was still equilibrating into the plasma membrane), easily could have very different membrane concentrations of FM1-43.
Cobalt blocks evoked endocytosis
Although the endocytotic portion of the synaptic vesicle recycling system appears to be, in large part, calcium-independent (Ryan et al., 1993; Wu and Betz, 1996) , it is clear that calcium regulates exocytosis and that exocytosis is the proximate trigger for endocytosis at the presynaptic terminal (Augustine et al., 1996; Lledo, 1997) . In the presynaptic terminal, therefore, calcium influx normally is required during stimulation to obtain FM1-43 loading. We tested for a calcium dependence of depolarization-evoked endocytosis by including the general calcium channel blocker CoCl 2 (2 mM) with FM1-43 in the depolarizing medium. Cultures were incubated with FM1-43-containing medium, rapidly washed, and then fixed. Figure 2 A illustrates that the coapplication of cobalt with FM1-43 resulted in a dramatic reduction in evoked endosomes in growth cones. Figure 2 B shows the results of a quantitative analysis of several such experiments. Blocking calcium influx resulted in a significant reduction in FM1-43 labeling (KCl loading, 89.7 Ϯ 12.6, n ϭ 61 vs KCl loading in CoCl 2 ,8.52 Ϯ 4.23, n ϭ 25; p Ͻ 0.0001). A comparison of these results with the literature from the presynaptic terminal revealed a significant difference, however. In the presynaptic terminal there was virtually no FM1-43 labeling in the absence of a calcium influx; in the neuronal growth cone, however, there was still significant endocytosis. This residual endocytosis may represent a distinct pathway that is independent of depolarization. Given the characteristics described below, we refer to this pathway as "constitutive" endocytosis, recognizing that, eventually, unique regulators also might be identified. 
Constitutive (depolarization-independent) endocytosis occurs in the growth cone
To characterize constitutive endocytosis, we exposed growth cones to FM1-43 in normal culture medium (that is, without a depolarizing agent). As with evoked endocytosis, growth cones maintained normal motility throughout the experiments. Also, there was no obvious pattern to endosome distribution, and endosomes were highly mobile and appeared to condense into larger structures over time. Growth cones showed increased staining with time (Fig. 3A) . The rate of endocytosis was measured by integrating the total FM1-43 fluorescence throughout the entire growth cone (except filopodia). A linear relationship between exposure time and integrated FM1-43 fluorescence intensity was obtained (Fig. 3B) . In contrast to evoked endocytosis, CoCl 2 (2 mM) did not affect constitutive endocytosis (control loading, 12.8 Ϯ 1.5, n ϭ 31; loading in CoC l 2 , 15.8 Ϯ 2.0, n ϭ 27; p Ͼ 0.05).
The rates of evoked and constitutive endocytosis can be compared directly by using data from the 10 sec loading experiments. Evoked endocytosis resulted in an average of 0.58 Ϯ 0.06 endosomes/m 2 of growth cone membrane during the 10 sec loading period. Constitutive endocytosis occurred at a slower rate: 0.19 Ϯ 0.06 endosomes/m 2 for constitutive endocytosis. Even with a lower activity, however, the average constitutive endocytotic activity would result in a complete turnover of growth cone membrane within 60 min, assuming 100 nm diameter endosomes. This, of course, is likely to be an underestimate of the actual rate of membrane turnover if multiple vesicles have aggregated into a single fluorescent point. In fact, constitutive endocytosis was observed at rates that would result in the equivalent of a complete turnover of the growth cone in Ͻ30 min.
Endocytosis occurs locally within the growth cone
The endosomes visible in labeled growth cones could be derived from endocytosis in the growth cone proper or from endocytosis in neurites with subsequent shipment to the growth cone during the wash period. Although it is unlikely that the observed high levels of endocytosis could be attributable to such a mechanism, this possibility was tested directly. Figure 4 A shows the location of a growth cone. Two pipettes were positioned adjacent to each other so that their output streams were adjacent, creating a sharp boundary of FM1-43 labeling and restricting the labeling to the distal end of the growth cone, as seen in the intense staining of only that region (Fig. 4 B) . Then both pipettes were removed, and the growth cone plasma membrane was allowed to de-stain in normal medium. When imaged 30 sec later, endosomes were observed, but they were restricted to the distal end of the growth cone (Fig. 4C,D) , the region of the growth cone that previously had shown intense fluorescence in the plasma membrane. Similar results were obtained in each of four growth cones and in each of six growth cones loaded with FM1-43 in depolarizing medium. Thus, both constitutive and evoked endosomes can be derived from growth cone plasma membrane.
Although this study was concerned primarily with the process of endocytosis, the experiments did allow some notable observations on the subsequent movements of labeled endosomes. Two important changes in endosome distribution have been observed: (1) endosomes formed in one region of the growth cone are generally mobile and will redistribute throughout the growth cone and into proximal neurites, and (2) endosomes can disappear via a process that almost certainly represents exocytosis.
Endosomes formed in one region of the growth cone redistributed throughout the growth cone and into proximal neurites, as illustrated by Figure 4 D. The left panel (T 0 ) shows the distribution of endosomes within 30 sec of FM1-43 labeling; the right panel (T 1 ) shows the distribution of the same endosomes 7 min later. It is clear that FM1-43-stained endosomes are not confined to the initial site of membrane uptake but, rather, undergo excursions throughout the growth cone and into the neurite. It should be pointed out that many different types and magnitudes of movement are observed. Some endosomes appear to move randomly within a small area, whereas others appear to move purposefully in one direction. In fact, not all endosomes show detectable movement; some endosomes, especially the larger ones, have remained at a fixed position in the growth cone for up to 30 min.
Occasionally, endosomes suddenly disappeared in an "exocytosis-like" event. In principle, one would expect to be able to observe exocytosis directly, although a single FM1-43 labeled endosome is below the limits of resolution of the fluorescence microscope. On the fusion of the endosome with the plasma membrane there should be a sudden decrease in fluorescence intensity as the FM1-43 diffuses both laterally through the membrane away from the site of exocytosis and away from the membrane into the medium (Henkel et al., 1996) ; this process is the basis of the stimulus-evoked unloading described in the presynaptic terminal. A similar process was observed in the growth cone (Fig. 5) . At the start of this time sequence two brightly labeled evoked endosomes were visible at the tip of the growth cone. Although both endosomes were stable for many seconds, one of the endosomes (arrow) underwent a rapid and irreversible loss of fluorescence starting at the 6 sec time point. The second endosome, however (arrowhead), retained both its position and its fluorescence during the same period. The graph in Figure 5 shows a plot of normalized fluorescence intensity (F/F o ) as a function of time for the two endosomes. Whereas the endosome that remained visible showed no appreciable change in the fluorescence intensity over time (dotted line), the endosome that disappeared had an intensity profile that dropped to near zero at the time of disappearance (solid line) and remained at background levels for the remainder of the observation period (Ͼ30 sec). This is virtually identical to the process observed in the recent literature on synaptic transmission. Although these spontaneous exocytotic events were rare, they nevertheless suggest that membrane retrieved via evoked endocytosis from the growth cone can be reincorporated into the plasma membrane pool of the growth cone.
Stimulated exocytosis of evoked endosomes
Studies of the presynaptic terminal have shown that labeled synaptic vesicles can be released via exocytosis after stimulation of the terminal. A similar evoked exocytosis of evoked endosomes also was seen in the growth cone by using four different approaches.
Two series of experiments used imaging of living growth cones. In the first, individual growth cones were labeled by local micropipette application of FM1-43 (20 M) in depolarizing medium (Fig. 6 A 1 ) . After a 2 min wash period a second pipette containing depolarizing medium without FM1-43 was used to depolarize the labeled growth cone. This depolarization resulted in the Note that filopodia also were stained intensely during the loading process. Because of the restriction in the dye-containing medium stream, only the distal half of the growth cone plasma membrane was exposed to FM1-43. C, Numerous distinct fluorescent endosomes imaged 30 sec after local application of FM1-43. The endosomes appeared only in the region in which the growth cone membrane had been exposed to FM1-43. D, Lef t (T 0 ), The stained endosomes identified in C were each marked by a white circle to depict their distribution. D, Right (T 0 ), The same growth cone, imaged 7 min later, shows a redistribution of endosomes away from their place of origin to more proximal regions of the growth cone and into the neurite. Each endosome was marked by a white X. The boundar y of the growth cone is marked in white.
exocytosis of FM1-43-labeled endosomes; although some endosomes persisted, many were clearly absent after depolarization ( Fig. 6 A 2 ) . In a second series of experiments the locations of three to five growth cones were stored by using the computercontrolled microscope stage. Then the cultures were loaded by bath application of a depolarizing medium containing FM1-43 (10 M) and washed. The microscope stage was moved rapidly to the locations of the selected growth cones, and they were imaged. After a 2 min wash period the cultures were depolarized again for 10 sec with KCl (60 mM) without FM1-43. The growth cones were relocated and reimaged. This approach also demonstrated a clear reduction in the number of endosomes after depolarization (Fig. 6 B) .
For a third approach the growth cones were loaded with FM1-43 (10 M) in depolarizing medium (60 mM KCl), rinsed for 2 min, depolarized a second time for 10 sec, and immediately fixed. In this way many growth cones could be imaged in each culture dish without concern for time-dependent changes in staining quality or localization. Growth cones exposed to a second depolarization had one-half of the total FM1-43 fluorescence (KCl-evoked unloading, 43.2 Ϯ 7.2, n ϭ 66) seen in control growth cones (which did not receive a second depolarization) (control, 89.7 Ϯ 12.6, n ϭ 61; p Ͻ 0.005; Fig. 7) . Thus, on a population level, depolarization resulted in a significant reduction in the fluorescence contributed by evoked endosomes. A 10 sec, 60 mM NaCl pulse did not result in the exocytosis of evoked endosomes (89.6 Ϯ 20.8, n ϭ 37; p Ͼ 0.05 as compared with control growth cones).
The fourth approach used ␣-latrotoxin (black widow spider venom) as a general secretagogue. ␣-Latrotoxin evokes massive neurotransmitter release from presynaptic terminals without depolarization (Matteoli et al., 1988; Henkel and Betz, 1995) . ␣-Latrotoxin (3 nM) was even more effective in causing exocytosis than a 10 sec depolarization (latrotoxin-evoked unloading, 19.9 Ϯ 4.3, n ϭ 30; Fig. 7) . A, A growth cone was loaded by micropipette application of depolarizing medium containing FM1-43 (40 M) (A 1 ). Then 2 min later the growth cone was depolarized a second time without FM1-43 (A 2 ). Depolarization resulted in a reduction in the number of visible endosomes, as emphasized by the region outlined by the white rectangle. B, A growth cone in a culture that was loaded with depolarizing medium for 10 sec before imaging (B 1 ). Then 2 min later the entire culture was depolarized again by the addition of a depolarizing medium without FM1-43 (B 2 ). Depolarization resulted in a dramatic reduction in the number of endosomes.
Exocytosis in the presynaptic terminal generally requires a significant calcium influx. We tested whether the depolarizationevoked exocytosis of evoked endosomes was blocked by extracellular cobalt. Growth cones loaded with FM1-43 under depolarizing conditions were depolarized for a second time with depolarizing medium containing CoC l 2 (2 mM). There was no measurable exocytosis of evoked endosomes in the presence of CoCl 2 (KC l-evoked unloading in CoC l 2 , 92.9 Ϯ 19, n ϭ 47) as compared with control growth cones that had not been subjected to a second depolarization.
No stimulated exocytosis of constitutive endosomes
The constitutive endocytotic pathway was distinct from the evoked endocytotic pathway in its dependence on depolarization.
A final series of experiments tested whether constitutive endosomes also could be released by depolarization. Growth cones were loaded under nondepolarizing conditions with FM1-43 for a 30 sec period, rinsed, depolarized with 60 mM KCl for 10 sec, and immediately fixed. Depolarization did not reduce the fluorescence of constitutively labeled growth cones (control, 12.8 Ϯ 1.5, n ϭ 31; KCl-evoked unloading, 13.3 Ϯ 1.4, n ϭ 29; p Ͼ 0.8) (Fig. 7) . Treatment with ␣-latrotoxin (3 nM) also did not release constitutive endosomes (latrotoxin-evoked unloading, 11.2 Ϯ 1.4, n ϭ 21; p Ͼ 0.4 vs control). The failure of constitutive endosomes to be released on depolarization was confirmed by direct counts of endosomes within growth cones. Constitutive endocytosis resulted in 0.19 Ϯ 0.01 endosomes/m 2 membrane surface area. Growth cones loaded constitutively and subsequently depolarized had 0.17 Ϯ 0.1 endosomes/m 2 ( p Ͼ 0.4 vs control). Growth cones treated with latrotoxin had 0.19 Ϯ 0.1 endosomes/m 2 ( p Ͼ 0.7 vs control). The results from these experiments, irrespective of mode of analysis, further distinguish between evoked endosomes and constitutive endosomes.
DISCUSSION
Surprisingly high levels of ongoing endocytotic activity were found in growth cones. Furthermore, endocytotic activity was observed throughout the growth cone, suggesting that all growth cone membrane is competent with regard to this activity. Perhaps the most notable finding from the present investigation is that endocytosis occurs via two pathways that are separable both in terms of their stimulus dependence and in terms of the subsequent fate of the endosomes. Evoked endocytosis is similar to the synaptic vesicle recycling observed in presynaptic terminals. Constitutive endocytosis, however, is distinct and could well be subserving growth cone-specific functions because it has not been reported in studies of the presynaptic terminal.
Membrane dynamics in the neuronal growth cone
Membrane dynamics have been studied extensively in numerous cell types. Within epithelial cells, transcytosis provides a means of relocating membrane lipids and proteins to different regions of the cell as well as transporting extracellular substances from one side of the cell to another. Within neurons the processes of anterograde and retrograde vesicle transport may serve a related function over long distances or, perhaps, over much shorter distances such as between portions of a single growth cone. In the nerve terminal a specialized process coupling endocytosis to exocytosis underlies synaptic vesicle recycling; after calciumdependent exocytosis the synaptic vesicles are pinched off from the plasma membrane via endocytosis and refilled with transmitter to become available for subsequent use. This basic description, now based on Ͼ40 publications that used FM1-43, provides a substantial foundation and good point of comparison for parallel experiments on the neuronal growth cone.
Endocytosis appears to be required for outgrowth (Kim and Wu, 1987; Masur et al., 1990; Torre et al., 1994; Mundigl et al., 1998) . The recent literature contains, however, few investigations that focus primarily on the neuronal growth cone. Numerous vesicle populations have been found in ultrastructural studies of Figure 7 . Differential susceptibility of evoked and constitutive pools to unloading by depolarization and latrotoxin. A, Evoked endosomes can be released by depolarization and latrotoxin. Growth cones were loaded with depolarizing medium, rinsed for 2 min, and fixed (Control ). A second depolarization (KCl-Evok ed unloading) resulted in a Ͼ50% reduction in average fluorescence intensity. The addition of latrotoxin (3 nM) resulted in an even greater reduction (Latrotoxin-Evok ed unloading). The depolarization-evoked endosome release was blocked by CoC l 2 (KClEvoked unloading in CoCl 2 ). The number of growth cones/experiments: control, 61/6; KCl-evoked unloading, 66/5; latrotoxin-evoked unloading, 30/3; KCl-evoked unloading in CoC l 2, 30/3. *p Ͻ 0.01; **p Ͻ 0.001. B, Constitutively loaded endosomes are unaffected by depolarization and latrotoxin. Growth cones were loaded in a nondepolarizing medium for 30 sec and rinsed. Labeled growth cones then either were fixed directly (Control ) or exposed to a depolarizing medium (KCl-Evok ed unloading) or to latrotoxin (3 nM; Latrotoxin-Evok ed unloading), followed by fixation. Neither treatment caused a significant reduction in FM1-43 fluorescence in growth cones as compared with control growth cones. The number of growth cones/experiments: control, 31/3; KC l-evoked unloading: 29/3; latrotoxin-evoked unloading, 21/3. growth cones; the complexity of the advancing growth cone, however, makes it difficult to ascribe specific identities to these vesicles absolutely. Dailey and Bridgman paint a picture of dynamic endoplasmic reticulum (Dailey and Bridgman, 1989 ) and large vacuoles (Dailey and Bridgman, 1993) within growth cones. Although these structures are clearly larger than the endosomes observed with FM1-43, their electron micrographs show vesicles of smaller dimensions that would fit those observed in the present study. It is interesting to note that the large membrane disks observed by Cheng and Reese (1987) were not observed in our normal experiments. L onger intervals between loading and observation might be needed for endosomes to f use with and become integrated into these disks (Wessells et al., 1974) .
Comparison of membrane dynamics between the growth cone and the presynaptic terminal
There are both similarities and differences between the growth cone and the presynaptic terminal. Notably, both display significant evoked endocytosis. At the presynaptic terminal this endocytosis occurs as a direct result of the exocytotic activity resulting in neurotransmitter release Bewick, 1992, 1993) , with the apparent calcium dependence attributable to calciumdependent exocytosis and not a direct calcium dependence of endocytosis (Ryan et al., 1993; Wu and Betz, 1996) [see, however, von Gersdorff and Matthews, 1994] . Growth cones also can be stimulated to release neurotransmitters (Hume et al., 1983; Sun and Poo, 1987) . The evoked endocytotic pool we have observed likely represents synaptic vesicles and results from the depolarization-evoked exocytotic release of neurotransmitter from the growth cone. This conclusion is based on the facts that (1) these endosomes form in response to stimulation (depolarization); (2) extracellular cobalt blocks this endocytosis, suggesting a requirement for calcium influx (although blocking calcium influx blocks evoked endocytosis, it is not clear whether calcium is acting directly or indirectly, e.g., by stimulating exocytosis); (3) depolarization releases these endosomes in a calcium-dependent manner; and (4) ␣-latrotoxin releases this pool. Furthermore, several laboratories have demonstrated, as part of the studies of synaptogenesis (Kraszewski et al., 1995; Dai and Peng, 1996) , that synaptic vesicle recycling occurs in the elongating axon.
In contrast to the presynaptic terminal, the growth cone also displays significant constitutive endocytosis. E xtracellular cobalt does not block formation of the constitutive pool, suggesting both that constitutive endocytosis does not require exocytotic activity and that constitutive endocytosis is calcium-independent. Furthermore, this pool is not released by depolarization or by ␣-latrotoxin. Thus, there appear to be two distinct endocytotic pools in the growth cone that are under separate control mechanisms (see Table 1 ). Vesicles derived from each pathway appear to be constrained to different possible fates.
Although several studies (Pieribone et al., 1995; Kidokoro, 1998, 1999) have demonstrated separable synaptic vesicle pools in presynaptic terminals (a readily releasable pool and a reserve pool), the constitutive pool is likely to be yet a different pool. The two synaptic vesicle pools are generated by the same depolarization-and exocytosis-dependent process. In addition, the reserve pool is released by sustained stimulation. In the growth cone the two pools appear to be generated by distinct mechanisms and appear to be constrained to different possible fates, with no evidence for constitutive endosomes entering the releasable (i.e., evoked) pool. It will be of considerable interest to determine whether the evoked and the constitutive endosomes show molecular differences in addition to (or, perhaps, resulting in) their distinct fates.
Functional consequences of two separate endocytotic pools
The evoked pool shares many properties with the synaptic vesicle pool found in the presynaptic terminal. In fact, it is reasonable to suggest that this evoked pool represents a nascent set of processes in place to allow the growth cone to transform rapidly into a functional presynaptic terminal. This suggestion is made even more likely because the neurons studied here are capable of forming functional synapses with their appropriate targets by the developmental time they are used experimentally. Alternatively, the growth cone could release material [such as neurotransmitters (Hume et al., 1983; Sun and Poo, 1987) or proteases (Kryostosek and Seeds, 1981) ] as part of a developmental signaling system that we do not yet understand. It is also intriguing to consider the possibility that local calcium signals within the growth cone could alter growth cone morphology by evoking local membrane addition via calcium-dependent exocytosis. For example, local membrane addition could be involved in filopodial extension or lamellipodial expansion, both of which are likely to be important processes in growth cone pathfinding (O'Connor et al., 1990; Chang et al., 1995; Zheng et al., 1996) .
The constitutive pool appears to represent a process unique to the growth cone because such a system has not been reported in the presynaptic terminal. Membrane contributing to elongation might be found within the complex vesicle population found in the growth cone (Cheng and Reese, 1987) . The endosomes described here, however, are derived from the growth cone itself; accordingly, other functions seem likely. As an example, both transport away from the growth cone to the cell body and from one site on the growth cone to another are possible. Additionally, the relatively high rates of constitutive endocytosis could permit continual updating of the composition of the growth cone plasma membrane. A redistribution of pumps, channels, and receptors could alter significantly the ability of the growth cone to detect and respond to specific environmental cues.
The interrelationships that endosomes form with cytoskeletal elements and other components of the growth cone will be critical for enabling the functions that these endosomes serve. Whether constitutive and evoked endosomes have different kinds of sub- 
